Mobile group II introns are bacterial retrotransposons thought to be evolutionary ancestors of spliceosomal introns and retroelements in eukaryotes. They consist of a catalytically active intron RNA ("ribozyme") and an intron-encoded reverse transcriptase, which function together to promote RNA splicing and intron mobility via reverse splicing of the intron RNA into new DNA sites ("retrohoming"). Although group II introns are active in bacteria, their natural hosts, they function inefficiently in eukaryotes, where lower free Mg 2+ concentrations decrease their ribozyme activity and constitute a natural barrier to group II intron proliferation within nuclear genomes. Here, we show that retrohoming of the Ll.LtrB group II intron is strongly inhibited in an Escherichia coli mutant lacking the Mg 2+ transporter MgtA, and we use this system to select mutations in catalytic core domain V (DV) that partially rescue retrohoming at low Mg 2+ concentrations. We thus identified mutations in the distal stem of DV that increase retrohoming efficiency in the MgtA mutant up to 22-fold. Biochemical assays of splicing and reverse splicing indicate that the mutations increase the fraction of intron RNA that folds into an active conformation at low Mg 2+ concentrations, and terbium-cleavage assays suggest that this increase is due to enhanced Mg 2+ binding to the distal stem of DV. Our findings indicate that DV is involved in a critical Mg 2+ -dependent RNA folding step in group II introns and demonstrate the feasibility of selecting intron variants that function more efficiently at low Mg 2+ concentrations, with implications for evolution and potential applications in gene targeting. directed evolution | Mg 2+ transport | RNA structure M obile group II introns are retrotransposons that are found in prokaryotes and the mitochondrial and chloroplast DNAs of some eukaryotes and are thought to be evolutionary ancestors of spliceosomal introns, the spliceosome, retrotransposons, and retroviruses in higher organisms (1). They consist of two components-an autocatalytic intron RNA ("ribozyme") and an intron-encoded protein (IEP) with reverse transcriptase activity-that function together in a ribonucleoprotein (RNP) complex to promote RNA splicing and site-specific integration of the intron into new DNA sites in a process called retrohoming (1). Like spliceosomal introns, group II introns splice via two sequential transesterification reactions that yield an excised intron lariat RNA (2). For group II introns, the splicing reactions are catalyzed by the intron RNA with the assistance of the IEP, which binds specifically to the intron RNA and stabilizes the catalytically active RNA structure. The IEP then remains bound to the excised intron lariat RNA in an RNP that promotes retrohoming via reverse splicing of the intron RNA directly into DNA sites followed by reverse transcription by the IEP. The resulting intron cDNA is integrated into the genome by host enzymes (3, 4). The ribozyme-based, site-specific DNA integration mechanism used by group II introns enabled their development into gene targeting vectors ("targetrons"), which combine high integration efficiency with high and readily programmable DNA target specificity (5). However, although group II introns retrohome and function efficiently for gene targeting in bacteria, their natural hosts, they do so inefficiently in eukaryotes, at least in part owing to lower free Mg 2+ concentrations (6), which decrease group II intron ribozyme activity (discussed below). These lower Mg 2+ concentrations constitute a natural barrier that impedes group II introns from invading the nuclear genomes of present-day eukaryotes and limits their utility as gene targeting vectors for higher organisms.
Mobile group II introns are bacterial retrotransposons thought to be evolutionary ancestors of spliceosomal introns and retroelements in eukaryotes. They consist of a catalytically active intron RNA ("ribozyme") and an intron-encoded reverse transcriptase, which function together to promote RNA splicing and intron mobility via reverse splicing of the intron RNA into new DNA sites ("retrohoming"). Although group II introns are active in bacteria, their natural hosts, they function inefficiently in eukaryotes, where lower free Mg 2+ concentrations decrease their ribozyme activity and constitute a natural barrier to group II intron proliferation within nuclear genomes. Here, we show that retrohoming of the Ll.LtrB group II intron is strongly inhibited in an Escherichia coli mutant lacking the Mg 2+ transporter MgtA, and we use this system to select mutations in catalytic core domain V (DV) that partially rescue retrohoming at low Mg 2+ concentrations. We thus identified mutations in the distal stem of DV that increase retrohoming efficiency in the MgtA mutant up to 22-fold. Biochemical assays of splicing and reverse splicing indicate that the mutations increase the fraction of intron RNA that folds into an active conformation at low Mg 2+ concentrations, and terbium-cleavage assays suggest that this increase is due to enhanced Mg 2+ binding to the distal stem of DV. Our findings indicate that DV is involved in a critical Mg 2+ -dependent RNA folding step in group II introns and demonstrate the feasibility of selecting intron variants that function more efficiently at low Mg 2+ concentrations, with implications for evolution and potential applications in gene targeting. directed evolution | Mg 2+ transport | RNA structure M obile group II introns are retrotransposons that are found in prokaryotes and the mitochondrial and chloroplast DNAs of some eukaryotes and are thought to be evolutionary ancestors of spliceosomal introns, the spliceosome, retrotransposons, and retroviruses in higher organisms (1) . They consist of two components-an autocatalytic intron RNA ("ribozyme") and an intron-encoded protein (IEP) with reverse transcriptase activity-that function together in a ribonucleoprotein (RNP) complex to promote RNA splicing and site-specific integration of the intron into new DNA sites in a process called retrohoming (1) . Like spliceosomal introns, group II introns splice via two sequential transesterification reactions that yield an excised intron lariat RNA (2) . For group II introns, the splicing reactions are catalyzed by the intron RNA with the assistance of the IEP, which binds specifically to the intron RNA and stabilizes the catalytically active RNA structure. The IEP then remains bound to the excised intron lariat RNA in an RNP that promotes retrohoming via reverse splicing of the intron RNA directly into DNA sites followed by reverse transcription by the IEP. The resulting intron cDNA is integrated into the genome by host enzymes (3, 4) . The ribozyme-based, site-specific DNA integration mechanism used by group II introns enabled their development into gene targeting vectors ("targetrons"), which combine high integration efficiency with high and readily programmable DNA target specificity (5) . However, although group II introns retrohome and function efficiently for gene targeting in bacteria, their natural hosts, they do so inefficiently in eukaryotes, at least in part owing to lower free Mg 2+ concentrations (6) , which decrease group II intron ribozyme activity (discussed below). These lower Mg 2+ concentrations constitute a natural barrier that impedes group II introns from invading the nuclear genomes of present-day eukaryotes and limits their utility as gene targeting vectors for higher organisms.
Recent X-ray crystal structures of a group II intron RNA provide a structural framework for investigating group II intron splicing and retrohoming mechanisms and potentially for improving their function in gene targeting (7) (8) (9) . Group II intron RNAs consist of six conserved domains (denoted DI-DVI) that interact via tertiary contacts to fold the RNA into a catalytically active 3D structure ( Fig. 1A ) (1) . DV is a small conserved domain that binds catalytic metal ions and interacts with DI and J2/3 to form the intron RNA's active site. It is thought to be the cognate of the U2/U6 snRNAs of the spliceosome, and consequently its architecture and function are central to understanding the mechanism and evolution of RNA splicing in higher organisms (10, 11) . DI, the largest domain, provides a structural scaffold for the assembly of the other domains and contains exon-binding sites that position the 5′-and 3′-splice sites and ligated-exon junction at the ribozyme active site for RNA splicing and reverse splicing reactions. DIII functions as a catalytic effector, DIV is the location of the ORF encoding the IEP, and DVI contains the branch-point adenosine used for lariat formation.
Three major structural subclasses of group II intron RNAs, denoted IIA, IIB, and IIC, have been identified with differences in both peripheral and active-site elements (1) . X-ray crystal structures of the Oceanobacillus iheyensis group IIC intron reveal the folded structure of DI-V, with and without bound exons (7) (8) (9) .
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Although the O. iheyensis structures do not include DVI and the intron RNA construct lacks the ability to self-splice via lariat formation, they do show the active-site region formed by DI and DV, which can catalyze splicing via 5′-splice-site hydrolysis rather than branching. Importantly, the structures show that this active site contains a heteronuclear metal ion-binding center consisting of two pairs of Mg 2+ and K + ions bound site-specifically to DV, one pair (M1/K1) to a catalytic triad of three highly conserved nucleotides in the proximal stem of DV, and the other pair (M2/ K2) to a dinucleotide bulge at the hinge region between the proximal and distal stems ( Fig. 1 B and C) . These two pairs of metal ions are brought together at the active site by a sharp bend in DV that moves the distal stem toward the catalytic triad. This sharp bend is stabilized both by bound metal ions bridging different regions of the phosphodiester backbone and by interactions between DV and other regions of the intron RNA (7) . By contrast, structures of DV of the yeast aI5γ and Pylaiella littoralis LSU/2 group II introns in isolation showed an extended helix with many of the same metal ion-binding sites but without the bend (12, 13) .
Besides the catalytic metal ions, several other Mg 2+ ions are seen at different sites in DV in the O. iheyensis RNA crystal structures. Three putative Mg 2+ ions lie within the major and minor grooves near the κ′ motif in the proximal stem, and three others (denoted here as M3-M5) are bound to the distal stem, one (M3) within a kink adjacent to the G of the GNRA tetraloop, and another (M4) at the R of the GNRA tetraloop. The third Mg 2+ bound to the distal stem (M5) forms a bridge between the base pair distal to λ′ and the third nucleotide of the catalytic triad, potentially stabilizing the sharp bend in DV. These additional Mg 2+ -binding sites in the O. iheyensis intron are generally consistent with the locations of terbium-cleavage sites in DV of the aI5γ intron (14) .
Like other ribozymes, group II introns use Mg 2+ for both RNA folding and catalysis (15, 16) . However, the Mg 2+ concentrations required for group II intron function are higher than those for other ribozymes. Thus, mutations in the yeast mitochondrial Mg 2+ transporter Mrs2 specifically inhibit the splicing of all four yeast mt group II introns, while having minimal effects on the transcription or splicing of group I introns (17) . Moreover, efficient retrohoming in Xenopus laevis oocytes, Drosophila melanogaster embryos, and zebrafish (Danio rerio) embryos requires the coinjection of additional Mg 2+ to achieve an intracellular concentration of 5-10 mM (6). Bacteria, the natural hosts of group II introns, typically have free intracellular Mg 2+ concentrations of 1-4 mM (18), whereas X. laevis oocyte nuclei contain 0.3 mM Mg 2+ (19) , and mammalian cells contain 0.2-1 mM Mg 2+ during the majority of the cell cycle (20) . The latter values are well below the optimal Mg 2+ concentrations for protein-assisted group II intron RNA splicing and reverse splicing in vitro (5-10 mM) (21) . For some ribozymes, it has been possible to select new variants that function at lower Mg 2+ concentrations or use different metal ions (22) (23) (24) . However, the extent to which group II introns can be similarly evolved or engineered to decrease their Mg 2+ dependence is unknown. Here, we used an E. coli mutant with a disruption in the magnesium transporter mgtA for in vivo selection of group II intron variants with enhanced function at lower Mg 2+ concentrations from libraries of Lactococcus lactis Ll.LtrB introns with mutations in DV. We thus identified 43 improved variants that have greater than threefold increased retrohoming efficiency within the mgtA disruptant. We find that all of these improved variants have mutations in the distal stem of DV, with the two most active variants (16-and 22-fold increased) having mutations restricted to the distal stem. Biochemical analysis demonstrates that the enhanced retrohoming of these variants reflects a higher fraction of intron RNAs that folds into an active structure at low Mg 2+ concentrations, and terbiumcleavage assays on isolated DV indicate that the mutations enhance Mg 2+ binding to sites in the distal stem. Together, our results suggest a model in which the variants achieve more efficient retrohoming and splicing by enhancing Mg 2+ binding to the distal stem of DV and promoting a conformational change that is required for formation of an active RNA structure, perhaps the sharp bending of DV needed to form the heteronuclear metal ion center at the active site. group IIC intron (3BWP, 3EOG, 3EOH, 3IGI, 4E8M, 4E8P, 4E8Q, 4E8R, 4E8V,  4FAQ, 4FAR, 4FAU, 4FAW, 4FAX, and 4FB0 (26) .
Results

E. coli
We determined the retrohoming efficiency of the Ll.LtrB intron in E. coli mutants with targetron-mediated disruptions of the corA and mgtA genes (27) by using a plasmid-based assay (28) (Fig. 2A) . In this assay, a precursor RNA containing an Ll.LtrB-ΔORF intron (i.e., an Ll.LtrB intron deleted for the ORF encoding the IEP) with a phage T7 promoter sequence inserted near its 3′ end is expressed in tandem with the IEP (denoted LtrA protein) from a Cap R donor plasmid. The LtrA protein promotes the splicing and retrohoming of the Ll.LtrB-ΔORF intron carrying the T7 promoter into a target site cloned in an Amp R recipient plasmid upstream of a promoterless tetracycline-resistance (tet R ) gene, thereby activating that gene. After plating on LB medium containing antibiotics, retrohoming efficiencies are quantified as the ratio of (Tet R + Amp R )/Amp R colonies. The retrohoming efficiency of the Ll.LtrB-ΔORF in the wildtype E. coli HMS174(DE3) strain was 48% and was decreased approximately twofold in the corA disruptant and 200-fold in the mgtA disruptant (Fig. 2B) . Measurements of Mg 2+ concentration with the fluorescent probe mag-fura-2 (29) showed that exponentially grown wild-type HMS174(DE3) has an intracellular free Mg 2+ concentration of 3.1 mM, in the range found previously for E. coli (18) , whereas the corA and mgtA disruptants have lower but similar Mg 2+ concentrations (1.6 and 1.7 mM, respectively; Fig. 2B ). The much stronger inhibition of retrohoming in the mgtA disruptant may reflect that the fluorescent probe does not accurately measure the effective Mg 2+ concentration during group II intron homing in exponentially growing cells, either because of the nongrowth conditions needed to permeabilize the cells to the fluorescent probe or because of differences in the local Mg 2+ concentrations in regions of the cell in which retrohoming occurs (Discussion). In the experiments below, we used the mgtA disruptant to provide a stringent environment for the selection of group II intron variants with improved function at lower Mg 2+ concentrations.
Selection of Functional DV Variants from a Partially Randomized ("Doped") Library in an E. coli mgtA Disruptant. We used the plasmid-based mobility system described above to select variants of the Ll.LtrB-ΔORF intron that are active in retrohoming within the mgtA disruptant. The selection was done from a library of ∼10 9 intron variants in which a 36-nt region encompassing DV was partially randomized ("doped") with 70% of the wild-type nucleotides and 10% of each of the three other nucleotides at each position. After two rounds of selection, we used colony PCR to amplify and sequence DVs from ∼300 individual Tet R colonies and identified 106 unique DV sequences that had retrohomed in the mgtA disruptant (Fig. S1 ). These variants contained one to nine mutations, with an average of 2.6 mutations over the 36-nt randomized region. From these sequences, we generated a mutational map displaying regions amenable or refractory to mutagenesis (Fig. 3A) . As expected, most of the mutants maintained the DV secondary structure and had mutations outside of regions known to be important for RNA catalysis and tertiary-structure formation. The most conserved regions were those containing the catalytic triad, the κ′ motif, and a conserved G involved in a trans sugar-edge/Hoogsteen contact to the I(i) loop (11) . Within the catalytic triad, the first two nucleotides (A and G) and the central G-U base pair were invariant, and the third nucleotide was mutated in only a single variant with strongly decreased retrohoming efficiency (DV93; C → G with a compensatory G → U mutation in the opposite nucleotide; Fig.  S1 ). Only three other nucleotides were invariant: the G immediately preceding the catalytic triad, a G that base pairs with a U or C in the λ′ motif, and the A in the terminal GNRA tetraloop. The most mutable regions were the three terminal base pairs of the distal stem, a nucleotide between the catalytic triad and sugar-edge/ Hoogsteen contact, and the dinucleotide bulge, which is a major Mg 2+ -binding site in the O. iheyensis group IIC and aI5γ group IIB introns (7, 14) .
Characteristics of Variants with Increased Retrohoming Efficiency in
the mgtA Disruptant. To determine which variants have increased retrohoming efficiency in the mgtA disruptant, we screened all 106 unique variants recovered from the selection by using a highthroughput version of the plasmid-based mobility assay (Fig.  S1B ). This screen was done in 96-well deep culture plates and measures the number of Tet R cells via OD 595 after 2-d growth under selective conditions. We thus identified 30 candidates that had mobility efficiencies equal to or higher than the wild-type intron in the mgtA disruptant (candidate map, Figs. 3B and 4). We tested all 30 of these candidates by plating assays and found 20 DV variants (denoted "improved variants") that performed significantly (greater than threefold) better than the wild-type DV sequence in the mgtA disruptant, with one (DV20) reaching 22-fold enhancement (improved map, Figs. 3C and 4) .
The 30 candidate variants had relatively few mutations, with a maximum of seven (Fig. 4) . Most mutations were found in the distal stem of DV, but a small number were found in the proximal stem outside the catalytic triad. Most of the mutant DVs retained a fully wild-type secondary structure, but 11 mutant DVs, with up to sixfold increased retrohoming efficiency, had U-U or A-C mispairs in the distal stem (DV88, DV54, DV36, DV35, DV49, DV104, DV46, DV44, DV94, DV7, and DV32; Fig. 4 (DV100, DV99, DV88, and DV54; one-to twofold increased). All 20 improved variants had mutations in the distal stem, and several had only a single mutation in the distal stem (DV49, DV32, DV59, and DV14; 4-to 16-fold increased). Two of the improved variants also had altered tetraloops (GAAA; DV62 and DV37; five-to sixfold). The two most improved variants DV14 and DV20 (16-and 22-fold, respectively) had mutations confined to the distal stem ( Fig. 3 D and E) . Notably, both DV14 and DV20 have additional U-G or G-U wobble pairs in the distal stem, and the single base mutation in DV14 results in two tandem U-G pairs. G-U wobble pairs within RNA stems are frequently Mg 2+ -binding sites owing to the high electronegativity along their major groove surface, and two tandem G-U pairs have been shown to be a strong Mg 2+ -binding site in RNA stems (30, 31) .
Saturation Mutagenesis of Mutable Positions in DV. We performed two more saturating selections focused on nucleotide residues in DV that were found to be mutable in the initial selection. As before, we used the plasmid-based mobility system to select variants of the Ll.LtrB-ΔORF intron that enhance retrohoming within the mgtA disruptant relative to the wild-type intron. For each saturating selection, we limited the number of randomized nucleotides to <12 to ensure that all possible combinations of variants could be sampled in libraries of reasonable size.
Our first saturating selection focused on the mutable nucleotides found in the 20 improved variants from the initial selection (Fig. S2 ). These 11 nucleotides included the G at the R position in the GNRA tetraloop, the three terminal base pairs of the distal stem, and two base pairs in the proximal stem between the catalytic triad and the sugar-edge/Hoogsteen contact (Fig. 3C) . After five rounds of selection, we identified 23 unique DV sequences, which were not found among the improved variants in the initial selection (Fig. S2 ). All 23 of these variants had mutations in the distal stem of DV, and 18 had an additional U-G base pair in the proximal stem between the catalytic triad and the sugar-edge/Hoogsteen contact. When tested individually by using the plasmid-based plating assay, all 23 of the new variants outperformed the wild-type DV sequence by greater than threefold, with the three best (DV134, DV193, and DV164) having 15-to 16-fold higher retrohoming efficiency than the wildtype intron (Fig. S2 ). However, these new variants performed no better than the two best variants, DV14 and DV20, from the initial selection.
The second saturating selection ( Fig. S3 ) was based on the sequence of the best-performing variant from the initial selection, DV20 (22-fold increased), which contains three nucleotide changes in the distal stem of DV. We constructed a library of . DV sequences of variants with increased retrohoming efficiency in the mgtA disruptant selected from an Ll.LtrB intron library in which DV was partially randomized. The figure shows sequences and retrohoming efficiencies determined by plating assay for the 30 DV variants found by the high-throughput 96-well plate assay to have retrohoming frequencies equal to or greater than that of the wild-type (WT) intron in the mgtA disruptant (Fig. S1 ). Variants with a retrohoming efficiency greater than threefold higher than that of the wild-type intron in the plating assay are denoted as improved variants and are demarcated in the figure. Blue shading indicates a match to the wild-type sequence, and red boxes indicate mispairings. The number of mutations found in each variant is indicated to the left, and the retrohoming efficiency and fold increase relative to the wild-type intron determined in parallel in the plating assay (mean ± SEM for three determinations) are indicated to the right. The ranges reflect day-to-day variability in the retrohoming assays, which affect both wild-type and mutant retrohoming efficiency. The percentage of wild-type nucleotides at each position and a consensus sequence for the selected variants are shown at the bottom.
variants that contained the three DV20 mutations and randomized eight additional nucleotides that were mutable in the initial selection (Figs. 3 and 4) . These included the dinucleotide bulge, a major Mg 2+ -binding site, the first base pair of the λ′ motif, and the same two base pairs between the catalytic triad and sugaredge/Hoogsteen contact that were randomized in the first saturating selection. In the new selection, we compared the retrohoming efficiency of the library and pooled variants from three selection cycles to that of the DV20 variant by using the plasmid-based plating assay. The retrohoming efficiency of the initial pool of variants (cycle 0) was ∼750-fold lower than DV20 but rapidly rose to roughly the same level as DV20 (∼3% retrohoming efficiency) after selection cycle 1. The retrohoming efficiency of the pools from cycles 2 and 3 remained high but lower than that from cycle 1. Sequence analysis of 24 individual clones from each cycle showed that the DV20 sequence with no other changes increased in abundance to 7% in cycle 1, 25% in cycle 2, and 50% in cycle 3. The remaining 50% at cycle 3 comprised many lower-frequency variants, the most abundant of which (7%) was DV176, which was also identified in the first saturating selection (Fig. S2) . The progressive enrichment of the DV20 sequence suggests that it cannot be improved further by changes in the other regions randomized in this selection. Notably, the dinucleotide bulge reverted to wild-type AC sequence in cycle 1 and the λ′ base pair reverted to wild-type A-U by cycle 2, indicating that variants with mutations at these positions function suboptimally.
We also tried combining the mutations in the distal stems of the two best-performing variants, DV14 and DV20, but found that the combined variant had lower retrohoming efficiency (2.2-fold wild type) than either single variant (16-and 22-fold wild type for DV14 and DV20, respectively). Finally, we substituted the DV distal stem from the Pylaiella littoralis LSU/2, which selfsplices at unusually low magnesium concentrations (32) , and found the retrohoming efficiency to be only 1.3-fold that of the wild-type intron (Fig. 3F ).
Northern Hybridization of Wild-Type and Variant Ll.LtrB RNAs in Vivo.
To investigate how the DV mutations increase retrohoming efficiency, we focused on the two best-performing variants from the selections, DV14 and DV20, which have retrohoming efficiencies 16-and 22-fold higher, respectively, than that of the wild-type intron in the mgtA disruptant (Figs. 3 and 4) . To determine whether the changes in retrohoming efficiency are due to changes in the intracellular levels of the Ll.LtrB intron RNA, we carried out Northern hybridizations of total cellular RNAs run in a 1% agarose gel and hybridized with a 32 P-labeled intron probe (Fig. 5) . The cells were grown under the conditions of the retrohoming assay so that the intron RNA levels could be correlated with the retrohoming efficiencies.
For both the wild-type and mutant introns, the major band detected in the Northern blots corresponds to the excised intron RNA and comigrates with lariat RNA obtained by self-splicing of the Ll.LtrB-ΔORF intron in vitro, consistent with previous findings for the wild-type intron that excised intron lariat RNA accumulates in vivo (33) . The Northern blots for the wild-type intron show similar levels of the excised intron RNA in both wild-type HMS174(DE3) and mgtA mutant cells, indicating that the 200-fold decrease in retrohoming efficiency in the mutant cells is due instead to decreased activity of group II intron RNPs, as expected for lower intracellular Mg 2+ concentrations. The Northern blots for the DV14 and DV20 variants show that the levels of excised intron RNA in the mgtA disruptant are similar to or slightly lower than that of the wild-type intron, indicating that their enhanced retrohoming in the mgtA disruptant is due to higher activity of the intron RNPs at lower Mg 2+ concentrations. Because the LtrA protein does not bind to DV (34) , there is no expectation that mutations in DV could increase RNP activity by enhancing protein binding at low Mg 2+ concentrations. , the splicing reaction of the wild-type intron proceeded in multiple phases. A prominent rapid phase gave a rate constant k 1 of 1.9 min −1 for the disappearance of precursor RNA and a slower phase gave k 2 of 0.074 min −1 , in agreement with previous results (21) . The slow phase most likely reflects a population of intron RNAs that folds and assembles with LtrA more slowly, as suggested previously (21) . An alternative model postulates that the two phases reflect a rapid internal equilibration of the chemical steps of splicing, followed by a slower, irreversible step. However, we do not favor this model because inefficient folding has been demonstrated for other group II intron RNAs under similar conditions (35) and because of additional results at lower Mg 2+ concentrations (discussed below). Together these two phases accounted for splicing of 70-80% of the precursor in different assays. The splicing reactions of DV14 and DV20 were also multiphasic, but with smaller amplitudes for the fast phase, resulting in less efficient splicing of the mutant introns at 5 mM Mg , the splicing of all three introns showed two phases on the time scale of the experiment. For all three introns, the fast phases again gave rate constants k 1 of ∼1 min Northern hybridization of the wild-type Ll.LtrB-ΔORF intron and variants DV14 and DV20 in wild-type HMS174(DE3) and the mgtA disruptant. Cells containing the intron-donor plasmid pACD2 and recipient plasmid pBRR3-ltrB were grown in 50-mL cultures and induced with isopropyl β-D-1 thiogalactopyranoside (IPTG) as for plasmid-based retrohoming assays, and then total cellular RNA was extracted, denatured with glyoxal, and run in a 1% agarose gel. The gel was blotted to a nylon membrane and hybridized with a pletion of the slower observed phase, suggesting the presence of at least one additional population that folds even more slowly. At 1.5 mM Mg 2+ , the splicing of all three introns was slower and only a single phase with a small amplitude (≤5%) was observed on the experimental time scale. The lower amplitudes at 2.5 and 1.5 mM Mg 2+ provide additional evidence against the alternative model in which the fast phase reflects internal equilibration of the chemical steps, because there is no expectation that lower Mg 2+ concentrations would favor the precursor or that the equilibrium would be so far from unity (K eq < 0.05 at 1.5 mM Mg 2+ ). The decreased rate constant at 1.5 mM Mg 2+ did not result from incomplete binding of the LtrA protein, because increasing the protein concentration did not increase the rates or extents of splicing of the wild-type or mutant introns (Fig. S5 ) but could reflect greater difficulty in folding into the active RNA structure or a decreased rate for the catalytic steps at low Mg 2+ concentration. Importantly, the amplitudes were larger for the mutants than for the wild-type intron, such that the mutants splice more efficiently than the wild-type intron at low Mg 2+ concentrations. The DV20 mutant gave more splicing than DV14, mirroring the relative activity of the two variants in vivo.
Together, these results suggest a model in which the initial fast phase of splicing observed at 5 and 2.5 mM Mg 2+ reflects a population of precursor RNAs that can fold and assemble with LtrA protein rapidly to form an active RNA structure. The slower phases at these Mg 2+ concentrations most likely reflect populations that fold and assemble with LtrA more slowly. At 1.5 mM Mg 2+ , an initial fast phase was not observed, either because the fraction of the RNA that folds rapidly is too small or because the catalytic steps of splicing are slower at this Mg 2+ concentration. For all three introns, the fraction of reactive RNPs decreases at lower Mg 2+ concentrations, but to a lesser extent for DV14 and DV20 than for the wild-type intron, enabling the mutant introns to splice more efficiently than the wild-type intron at 1.5 mM Mg 2+ .
Reverse Splicing of Wild-Type and Variant Intron RNAs at Different Mg 2+ Concentrations. We carried out similar experiments to assess the effect of the DV14 and DV20 mutations on reverse splicing of the intron RNA during target DNA-primed reverse transcription reactions. In these experiments, a 129-bp 32 P-labeled DNA substrate containing the Ll.LtrB intron-insertion site was incubated with a 50-fold molar excess of wild-type and variant Ll.LtrB RNPs (wild-type LtrA protein reconstituted with wildtype or variant Ll.LtrB-ΔORF intron lariat RNA) in reaction medium containing different Mg 2+ concentrations and dNTPs to enable target DNA-primed reverse transcription of the reversespliced intron RNA, as would occur in vivo. Reverse splicing of the intron lariat into the DNA target sites occurs in two steps: ligation of the 3′ end of the lariat RNA to the 5′ end of the downstream exon, referred to as partial reverse splicing, followed by ligation of the 5′ end of the lariat RNA to the 3′ end of the upstream exon, referred to as full reverse splicing (schematic in Fig. S6 ). Plots showing time courses for net completion of the first step (partial plus full reverse splicing) and full reverse splicing (insertion of the intron RNA between the 5′ and 3′ DNA exons) are shown in Fig. 7 , and gels are shown in Fig. S6 .
At 5 mM Mg 2+ , the reactions of wild-type RNPs were monophasic with a k of 0.068 min −1 for net completion of the first step and 0.030 min −1 for full reverse splicing, with the fully reverse spliced product reaching 34% at the end of the time course. The DV14 and DV20 RNPs show similar kinetics with little or no decrease in amplitude or reaction rate. In this case, the reaction starts with RNPs containing lariat RNAs that have already folded into the active RNA structure. In addition, because the reaction is performed with excess RNPs, a fraction of inactive or misfolded RNPs would not necessarily inhibit the reverse splicing reaction, provided that these molecules do not compete with active RNPs for binding to the target DNA. Either or both of these factors may underlie the finding that the mutations do not impair reverse splicing at high magnesium concentration, as they do for RNA splicing. , where the SDs were ∼40%.
At 2.5 and 2 mM Mg 2+ , the reaction rate for all three introns decreased 10-to 20-fold, and the amplitudes decreased progressively, indicating a smaller proportion of reactive molecules. For all three introns at low Mg 2+ concentrations, the rate constants for net completion of the first step were similar to those for full reverse splicing, indicating that processes leading up to or culminating with the first step of reverse splicing are rate-limiting. The population then presumably undergoes the first and second steps reversibly, leading to steady-state populations of the partially and fully reverse-spliced products until the reaction is rendered irreversible by cDNA synthesis. Thus, the decreased rates at low Mg 2+ concentrations may reflect difficulties with a required RNA conformational change or catalytic step, whereas the decreased amplitudes may reflect a tendency of the intron lariat RNAs or RNPs to revert to inactive conformations. As for RNA splicing, the decrease in the proportion of reactive RNPs at low Mg 2+ concentrations was less for the mutants than for the wild-type intron, enabling the mutants to function more efficiently at low Mg 2+ concentration. DV20 again outperformed DV14 at low Mg 2+ concentrations, in agreement with the relative activity of the two variants in vivo. -binding site at the dinucleotide bulge and lower-affinity sites within the distal helix and tetraloop (14) , which were later supported by the O. iheyensis intron crystal structure (7).
Results of Tb
3+ -cleavage titration assays for wild-type and variant Ll.LtrB DV RNAs in reaction media containing 50 mM KCl and 1.5 mM or 5 mM MgCl 2 are shown in Fig. 8 and Fig. S7 , respectively. The RNA was probed at Tb 3+ concentrations ranging from 10 μM to 10 mM, with cleavages displaying saturation at lower Tb 3+ concentrations indicating higher affinity binding (16) . Consistent with the O. iheyensis crystal structure and aI5γ intron Tb 3+ cleavages (7, 14) , we observed saturated cleavage at low Tb 3+ concentrations at the dinucleotide bulge in the wild-type Ll.LtrB DV RNA, primarily 3′ to the A-residue and to a lesser extent 3′ of the C-residue, indicating high-affinity binding. Moderate cleavages, two-to threefold higher than at weaker sites at some Tb 3+ concentrations, were observed after the C-residue preceding the tetraloop and a G-residue in the proximal stem, whereas weaker cleavages occur throughout the distal stem and tetraloop. The cleavages decrease at high concentrations of Tb 3+ , presumably reflecting misfolding owing to replacement of Mg 2+ by Tb 3+ throughout the RNA (37). At 5 mM Mg 2+ , several sites show twofold higher cleavage than at 1.5 mM Mg 2+ , including the C-residue proximal to the tetraloop, all four residues of the tetraloop, the catalytic triad, and the sugaredge/Hoogsteen contact, whereas cleavages at other sites have intensity similar to those at 1.5 mM Mg 2+ (Fig. S7) . The DV14 and DV20 variants show enhanced cleavages at 1.5 mM Mg 2+ at sites in the distal stem, in the tetraloop, and at some sites in the proximal stem (Fig. 8) . At low concentrations of Tb 3+ , DV14 shows dramatically increased cleavage at the Cresidue preceding the tetraloop and a G-residue in the proximal stem. These cleavages seem to saturate at lower Tb 3+ concentrations in the mutant, suggesting increased metal-ion affinity. DV20 shows moderately enhanced cleavages at the C-residue preceding the tetraloop and three other sites in the distal stem, but without apparent changes in affinity. Additional weaker cleavages throughout the distal stem and the tetraloop are enhanced in the mutants relative to the wild-type DV by up to twofold. Notably, in reaction medium containing 5 mM Mg 2+ , the cleavage intensities relative to input RNA for the variants remain similar to those at concentrations (5, 2.5, or 2 mM) at 37°C. Reactions were initiated by adding RNPs and incubated for different times up to 22 h. The products were run in a denaturing 6% polyacrylamide gel, which was dried and quantified with a PhosphorImager. The plots show the accumulation of products resulting from the first and second steps of reverse splicing (lariat RNA joined to the 3′ DNA exon and linear intron RNA inserted between the DNA exons, respectively) and of full reverse splicing (linear intron RNA inserted between the two DNA exons) fit to an equation with a single exponential. The rate constants (k, min −1 ) and amplitudes (fraction of DNA substrate that has undergone reverse splicing) indicated in the plots are the averages from three experiments with SDs of <20%. Similar results were obtained for reactions with a 100-fold molar excess of RNPs.
1.5 mM Mg 2+ , suggesting that variant DV stems fold similarly at both Mg 2+ concentrations (Fig. S7) . In general, we find that the variants enhance Tb 3+ cleavage relative to input RNA throughout the distal stem at 1.5 mM Mg 2+ to levels found for the wild-type DV at 5 mM Mg 2+ . Considered together with the results of the RNA splicing and reverse-splicing assays and the selection for G-U base pairs, the Tb 3+ -cleavage data suggest that enhanced metal ion binding to the distal stem of the variants promotes a conformational transition to a more native structure, which is inefficient for the wild-type DV at low Mg , before adding 10 mM TbCl 3 . Samples were analyzed in a denaturing 17% polyacrylamide gel, which was dried and scanned with a PhosphorImager. The locations of the Tb 3+ -cleavage sites are shown on a secondary structure map of DV below. Nucleotides that gave high or medium cleavage in the wild-type (WT) intron are shown in red or orange circles, respectively. Nucleotides that displayed enhanced cleavage in the DV14 and DV20 variants, based on the scales described below, are indicated by red and blue triangles, respectively. (B) PhosphorImager scan showing quantification of cleavage at 10 μM TbCl 3 . Band heights are normalized to input DV RNA (top of gel). (C) Secondary structure map of DV showing the location of cleavage sites. Nucleotides in the wild-type DV that gave significant Tb 3+ cleavage over background are highlighted in yellow (low, 1.5-to threefold); orange (medium, 3.1-to 10-fold); or red (high, >10-fold). Residues that showed enhanced cleavage in the DV14 or DV20 variants are indicated as colored triangles, with the size of the triangle indicating the fold-increase relative to the wild-type DV (large, greater than threefold; medium, 2.1-to threefold; small, 1.2-to twofold). Cleavages occur 3′ to the nucleotide indicated. The experiment was repeated three times with similar results.
and sugar-edge/Hoogsteen contact and the three terminal base pairs of the distal stem between the λ motif and the tetraloop. The distal stem is the most variable region of DV of naturally occurring group II introns and is interchangeable among different group II introns (44) .
Strikingly, although the upper region of the distal stem of DV was thought to play no major functional role, we found that it is the major site of mutations that improved function of the Ll.LtrB intron at low Mg 2+ concentrations. All 43 improved variants with retrohoming efficiencies greater than threefold higher than that of the wild-type intron in the mgtA disruptant had mutations in this part of the distal stem, including 15 variants that contained only mutations in this region. By contrast, we identified only two variants (DV1 and DV103) that enhance retrohoming at low Mg 2+ concentrations without mutations in the distal stem (Fig.  4) . Both of these variants have the same A → G mutation, which generates a G-U base pair in the proximal stem and increases retrohoming efficiency in the mgtA mutant two-to threefold. The distal stem mutations that improved function at low Mg 2+ concentrations trend toward weaker base pairings, G-C pairs changed to G-U or A-U pairs, or mispairings, which may enhance dynamics and facilitate bending of DV (Figs. 3 and 4 and Fig. S2 ). G-U wobble pairs within RNA stems are frequent Mg 2+ -binding sites owing to the high electronegativity along their major groove surface, with the flanking base pairs influencing the affinity and position of the bound metal ion (30, 31) . The two most efficient variants, DV14 and DV20, both have additional U-G or G-U wobble pairs in the distal stem, and the single base mutation in DV14 results in two tandem U-G base pairs, a motif identified as a strong Mg 2+ -binding site in RNA stems (30, 31) . The strong clustering of mutations with improved function at low Mg 2+ in the distal stem may reflect that it is one of the few regions of DV that can be mutated without impairing other functions and/or that Mg 2+ -binding sites in the distal stem of DV are critical for a key RNA folding step.
Biochemical assays of the two most improved variants, DV14 and DV20, shows that the distal stem mutants have higher splicing and reverse-splicing activity than the wild-type intron at low Mg 2+ concentrations, reflecting a greater propensity to fold into the catalytically active RNA structure. The introduction of a sharp bend in DV that is required to form the active site is likely an energetically unfavorable conformational change and is an attractive candidate for a folding step that limits the efficiency of native-state formation at low Mg 2+ concentrations, leading to the relatively high Mg 2+ requirement of group II introns compared with other ribozymes. For DV RNA in isolation or in early folding intermediates of the intron, the conformational change is likely to be rapid and reversible. However, upon global collapse of the intron and encapsulation by DI, the transition may become very slow and divide the RNA into active and inactive populations, which give rise to the multiple phases observed in group II intron splicing reactions at low Mg 2+ concentrations (35) . By stabilizing the native, bent conformation of DV, the mutations could increase the fraction of the RNA that readily folds to the native state and gives activity. The finding that the mutations also enhance reverse-splicing activity of the conformationally constrained intron lariat RNA is consistent with the possibility that only a limited conformational change involving DV or its activation by Mg 2+ binding may be rate-limiting at low Mg 2+ concentrations. To understand how mutations in the distal stem of DV might contribute to native folding of DV, we modeled the distal stem of DV in the Ll.LtrB intron in the extended state based on the NMR structure of the P. littoralis LSU/2 intron (13) and in the folded state based on the crystal structure of the O. iheyensis group II intron (9) (Fig. 9) . The models show that some Tb 3+ cleavages in the distal stem of DV of Ll.LtrB that are enhanced in variants DV14 and DV20 correlate with nearby metal ionbinding sites seen in the O. iheyensis structures, including at the positions of M3 and M4 near the GNRA tetraloop and M5 near the site of the bend between the proximal and distal stem. Other cleavages that are enhanced in the mutants, such as those within the 5′ strand of the distal stem, are not near metal ion-binding sites seen in the O. iheyensis structures, but are near U-G or G-U base pairs introduced by the mutations, suggesting an origin for the increased cleavages (e.g., the hypothetical Mg 2+ represented as a blue sphere with a "?" bound in the major groove in Fig. 9 ). Although the localization of Tb 3+ in the major groove of a G-U pair is likely to restrict its access to adjacent 2′-OH groups and therefore limit RNA cleavage at these sites (31), it is possible that Tb 3+ can be sufficiently dynamic at G-U pairs to retain significant cleavage activity. Alternatively, or in addition, the metal-bound G-U pairs in the distal stem may increase RNA flexibility in the DV mutants, promoting formation of a bent conformation and leading to enhanced cleavage at multiple sites. In the intact intron, these site-bound metal ions may stabilize a bent and functional conformation of DV directly and/or indirectly by stabilizing tertiary contacts in the folded intron structure that enforce the bend. Delocalized metal ions may also contribute to the stability of the bent conformation of DV because it is more compact than the extended form (48) .
Group II introns are evolutionarily related to nuclear spliceosomal introns of eukaryotes (1, 11, 49) . According to one scenario, group II introns entered eukaryotes with bacterial endosymbionts that gave rise to mitochondria and chloroplasts and invaded the nucleus, where they or their descendants proliferated before degenerating into spliceosomal introns and the spliceosome. The nuclear membrane has been hypothesized to have evolved in response to this group II intron invasion as a means of separating transcription from translation, thereby preventing translation of unspliced introns (50) . A further consequence of the nuclear membrane was sequestration of the genome into a separate compartment, where Mg 2+ is chelated by chromosomal DNA (51), possibly leading to lower free Mg 2+ concentrations than in the cytoplasm. Indeed, such differential Mg 2+ concentrations between the nucleus and cytoplasm may explain recent findings that an Ll.LtrB-ΔORF intron cannot be spliced by the LtrA protein in the yeast nucleus but can be spliced by the LtrA protein after export of precursor RNAs ) cleavage patterns (Fig. 8) and Mg 2+ and K + ions found in the O. iheyensis DV crystal structure ensemble were modeled onto tertiary structure models of the Ll.LtrB intron DV. (A and B) 3D models of DV of the Ll.LtrB intron based on (A) the NMR structure of the isolated DV of the P. litorralis intron (13), and (B) the folded DV structure in the crystal structures of the O. iheyensis intron (9) . In both models, Mg 2+ and K + ions were positioned based on their locations in an ensemble of 15 superposed O. iheyensis DV structures shown in Fig. 1B (7-9 cleavages in the wild-type DV indicated by colors on the phosphodiester backbone and those in the variant introns indicated by different-sized triangles as in Fig. 8 . Cleavages occur 3′ to the nucleotide indicated.
to the cytoplasm (52) . Spliceosomal introns have evolved to function at lower Mg 2+ concentrations in eukaryotes, perhaps reflecting their disintegration into snRNAs, which may facilitate conformational changes, and their increased reliance on protein cofactors, which can substitute for Mg 2+ to promote RNA folding. However, the lower Mg 2+ concentrations now constitute a natural barrier to further group II intron proliferation in eukaryotic nuclear genomes. The ability to select group II introns that function at lower Mg 2+ concentrations may ultimately enhance their utility in gene targeting in higher organisms, although selections done directly in eukaryotes using libraries with mutations throughout the intron may be required to achieve maximal retrohoming efficiency.
Methods
E. coli strains, plasmids, and reagents used can be found in SI Methods. Methods used for retrohoming assays, determination of intracellular Mg 2+ concentrations, construction of DV libraries, selection of DV variants, Northern hybridizations, biochemical assays, and Tb 3+ -cleavage assays are described in detail in SI Methods. Structural modeling with PyMol and ModeRNA was performed as described in SI Methods.
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SI Methods
Escherichia coli Strains and Growth Conditions. The wild-type E. coli strain used for retrohoming assays was HMS174 (λDE3) (Novagen). The CorA and MgtA Mg 2+ -transporter disruptants in HMS174 (λDE3) were constructed by targetron mutagenesis and have the genotypes corA:Ll.LtrB 640a and mgtA::Ll.LtrB 2466a (1). E. coli MegaX DH10b electrocompetent cells (Invitrogen) were used for library construction, and Artic Express (Stratagene) was used for LtrA protein expression. Chemically competent cells were generated by using the Inoue method (2), and highly electrocompetent mgtA cells for library selections were generated by combining two previous procedures (discussed below; see refs. 3 and 4). Antibiotics were added at the following concentrations: ampicillin, 50 μg/mL; chloramphenicol, 25 μg/mL; tetracycline, 25 μg/mL; and gentamicin, 10 μg/mL.
Generation of Highly Electrocompetent mgtA Disruptant Cells for
Library Transformations. We obtained highly electrocompetent mgtA disruptant cells (5 × 10 7 transformants per microgram DNA) by using potassium acetate-supplemented medium and low growth temperatures (3, 4) . A fresh colony growing on an LB agar plate was inoculated into 5 mL of LB medium and grown at 37°C for 2 h, then 1 mL was inoculated into 50 mL of KOB-25 (SOB + 25 g/L potassium acetate) and grown at 25°C overnight. The following day, the cells were subcultured at 1:100 dilution into 1 L KOB-35 (SOB + 35 g/L potassium acetate) and grown at 18°C until OD 595 = 0.35. The cells were then cooled on ice for 20 min, centrifuged at 1,000 × g for 20 min at 4°C, and sequentially washed by centrifugation in 200 mM Hepes (pH 7.5), filtered water, and filtered 10% (vol/vol) glycerol. Finally, the cells were concentrated to OD 595 = 100 in 10% (vol/vol) glycerol and 150 mM trehalose (Sigma) and flash-frozen in liquid nitrogen.
Recombinant Plasmids. The intron-donor plasmid pACD2 used for retrohoming assays carries a cap R marker and contains a 0.94-kb Ll.LtrB-ΔORF intron with a phage T7 promoter sequence inserted within DIV; an ORF encoding the intron-encoded protein ( IEP), denoted LtrA protein, is cloned downstream of the intron and expressed in tandem (5). pACD2-ΔDV, which was used as the backbone for intron library construction, contains a "stuffer" fragment in place of DV to prevent carryover of incompletely digested wild-type introns into the library. It was derived from pACD2 by deleting and replacing DV (intron positions 844-879) with the stuffer fragment and replacing a SalI site in DIV with an ApalI site (Fig. 1A) . The intron-recipient plasmid pBRR3-ltrB carries an amp R marker and contains a promoterless tet R gene cloned downstream of a wild-type Ll.LtrB target site (5). Ll.LtrB-ΔORF introns with mutations in DV were generated by site-directed mutagenesis of pACD2.
Conventional and High-Throughput Plasmid-Based Retrohoming Assays.
E. coli plasmid-based intron retrohoming assays were performed as described (5, 6) . The Cap R intron-donor plasmid pACD2 and Amp R recipient plasmid pBRR3-ltrB were cotransformed into wild-type HMS174(DE3) or the corA and mgtA disruptants, and transformants were grown overnight at 37°C to stationary phase. The cells were then subcultured to OD 595 = 0.3, diluted 50-fold, and induced with 0.1 mM isopropyl β-D-1 thiogalactopyranoside (IPTG) for 1 h at 37°C. Retrohoming of the intron from the donor to the recipient plasmid introduces a T7 promoter upstream of the tet R gene and enables selection for Tet R colonies. Cells were plated on LB medium containing tetracycline plus ampicillin or ampicillin alone, and retrohoming efficiencies were quantified as the ratio of (Tet R + Amp R )/Amp R colonies. All assays used fresh tetracycline + ampicillin plates made 24 h before use.
A high-throughput version of the retrohoming assay in 96-well plates (2-mL wells) used selection for tetracycline plus ampicillin or ampicillin during growth in LB medium with the plates shaken at 250 rpm at 37°C. For these 96-well-plate assays, overnight 1-mL cultures of the mgtA disruptant transformed with the donor and recipient plasmids were subcultured 1:100 into 1 mL of LB, grown to OD 595 = 0.3, diluted 50-fold into 1 mL of LB containing 0.1 mM IPTG, induced for 1 h at 37°C, and then subcultured 1:50 into 1 mL of LB containing either tetracycline plus ampicillin or ampicillin alone. Growth was measured at 24-h intervals for cells in the presence of tetracycline plus ampicillin and once at 16-h for cells in the presence of ampicillin by transferring 100-μL portions of the culture into 96-well BD Optilux plates and determining OD 595 by using a Spectramax M3 plate reader (Molecular Devices). Retrohoming efficiencies were quantified as the ratio of OD 595 in the presence of tetracycline + ampicillin to that in ampicillin alone.
DV Mutant Libraries and Selections. Donor plasmid libraries containing mutations in DV were constructed in pACD2-ΔDV by replacing the ApaLI + KpnI fragment containing the "stuffer" substituted for DV (discussed above) with the corresponding 143-nt segment of the intron containing DV with doped or randomized nucleotides at different positions. The mutagenized DV segment was generated by overlap extension PCR using complementary overlapping oligonucleotides with the desired mutations and Vent DNA polymerase (New England Biolabs). Doped and randomized oligonucleotides were purchased from Integrated DNA Technologies and confirmed by sequencing individual library clones to have the expected nucleotide frequencies.
For the initial selection using a library of Ll.LtrB-ΔORF introns in which DV was partially randomized ("doped") (Figs. 3 and 4 and Fig. S1 ), six separate ligation reactions were electroporated into E. coli MegaX DH10b electrocompetent cells (Invitrogen). Each electroporation used 1 μg of ligation product after phenol/chloroform extraction and ethanol precipitation in the presence of 0.3 M sodium acetate and linear acrylamide carrier. Transformants were selected by growth in LB containing chloramphenicol. The plasmid library DNAs (10 9 variants) was then extracted by an alkaline lysis procedure (7), purified using a midiprep column (Qiagen), and electroporated into mgtA disruptant cells that had been pretransformed with the recipient plasmid for use in the plasmid-targeting assay. Electroporation was done at 1.8 kV using a series of aliquots containing 3 μg of plasmid per 50 μL of electrocompetent cells, yielding 5 × 10 7 colonies per electroporation, until a library of 10 9 variants was obtained.
For each selection cycle, cells were plated on fresh LB plates containing ampicillin and tetracycline and grown for 4 d. Tet R colonies were then scraped and pooled to isolate plasmid products by alkaline lysis, and the region of the intron containing DV was amplified by PCR of the retrohoming products with an upstream primer (p60S 5′-CGTCCAGATATTTATTACGTGGCGACG) in DIV and a downstream primer (p73A 5′-AATGGACGAT-ATCCCGCA) in the 3′ exon using Phusion Polymerase (New England Biolabs). This PCR product was digested with MluI and KpnI to generate a 238-nt fragment that was swapped for the corresponding fragment in pACD2-ΔDV to create a li-brary for the next round of selection. To identify individual variants, Tet R colonies were picked from selection plates and subjected to colony PCR using the DIV and 3′-exon primers described above. The PCR product was then sequenced at the University of Texas at Austin Core Facility using a primer (p63A 5′-CGTAGAATTAAAAATGATATGGTGAAGTAGGG) that extends across the 3′-integration junction. Finally, unique variants were isolated by nested PCR (primers p60S + p63A) and recloned into the donor plasmid vector to determine retrohoming efficiency.
Determination of Intracellular Free [Mg 2+ ]. The intracellular free magnesium concentration ([Mg 2+ ] i ) in wild-type HMS174 (λDE3) and the corA and mgtA disruptants was determined by using the fluorescent Mg 2+ probe mag-fura-2-AM (acetomethoxyl ester form; Molecular Probes), essentially as described (8) . Stocks of mag-fura-2-AM were kept at 1 mM in dimethyl sulfoxide and then dispersed 1:1 in 10% (wt/vol) pluronic F-127 dispersant (Life Technologies) before use. To load cells with the probe, the magfura-2/pluronic F-127 mixture was diluted 200-fold into a 1-mL solution of 0.9% NaCl, 10 mM Hepes (pH 7.5) containing ∼2 × 10 9 midlog cells (OD 595 0.3-0.4) that had been washed twice with 0.9% NaCl. The cells were incubated in the solution for 60 min at 25°C and then washed three times with 0.9% NaCl. To measure the ratio of Mg 2+ -bound to free mag-fura-2, cellular fluorescence at 509 nm was measured after excitation at 340 nm (bound) or 380 nm (unbound) in BD Optilux 96-well plates using a Spectramax M3 plate reader (Molecular Devices). The cells were then lysed by incubating with lysozyme (0.5 mg/mL for 10 min at room temperature; Sigma) followed by 1% SDS, and minimum and maximum ratios (R) of fluorescence at 340 nm (bound) to 380 nm (unbound) were determined after adding 1 mM EDTA (R min ) followed by 40 mM Mg 2+ (R max ). The [Mg 2+ ] i was determined by fitting the 340-nm and 380-nm measurements (background fluorescence subtracted) to the following equation (9, 10) :
where K d is the dissociation constant of mag-fura-2 for Mg 2+ (1.9 mM); F o /F s is the ratio of the 380-nm fluorescence for the unbound probe (1 mM EDTA) to that for the saturated probe (40 mM [Mg 2+ ]); R is the ratio of the 340/380-nm intracellular fluorescence; R min and R max are the 340/380-nm fluorescence ratios of the lysed cell solutions at 1 mM EDTA and 40 mM Mg 2+ , respectively (9); and V f is a constant (0.85) that corrects for the reduction in fluorescence intensity due to intracellular viscosity (10).
Northern Hybridization. E. coli transformed with the pACD2 intron donor and pBRR-ltrB recipient plasmids were grown and induced with IPTG, as described above for intron mobility assays, and RNA was extracted by using a lysozyme/freeze-thaw and hot phenol method (11, 12) . Northern hybridizations were performed as described (13) . RNA (1.5 μg) and a single-stranded RNA ladder (New England Biolabs) were denatured with glyoxal and run in a 1% agarose gel in Bis-Tris/Pipes/EDTA running buffer. The gel was soaked in 0.05 M NaOH and blotted to a Hybond nylon membrane (Amersham) by capillary transfer in 20× SSC (3 M NaCl and 0.3 mM sodium citrate). The blot was then hybridized with a 5′- (14) in E. coli Arctic Express cells (Stratagene) following the manufacturer's recommendations. Briefly, three to five freshly transformed colonies were grown to stationary phase overnight in LB medium containing ampicillin and gentamicin. The following day, the cells were subcultured at 1:100 dilution into LB medium without antibiotics for 3 h at 30°C, followed by induction with 1 mM IPTG for 24 h at 12°C and shaking at 250 rpm. The LtrA protein was then purified via chitin-affinity-column chromatography and intein cleavage, as described (14) , except that before loading the column, nucleic acids in the cell supernatant were precipitated by incubating with 0.4% polyethylenimine (PEI) under constant stirring at 4°C for 1 h, followed by centrifugation at 16,000 × g for 30 min at 4°C. The supernatant was then concentrated ∼fourfold by dialysis overnight against 0.25 M NaCl containing 50% (vol/vol) glycerol. The protein was >95% pure and stored at ∼3 mg/mL.
Intron RNAs for reconstituting Ll.LtrB ribonucleoproteins (RNPs) were transcribed from DNA templates generated by PCR of pACD2 or derivatives containing intron DV mutants using primers that append a phage T3 promoter sequence and yield a precursor RNA containing the Ll.LtrB-ΔORF intron with 5′ and 3′ exons of 19 and 21 nt, respectively. Transcription was performed overnight using a T3 Megascript kit (Ambion), and the precursor RNA was self-spliced in vitro to generate excised intron lariat RNA, as described (14) . Ll.LtrB RNPs were reconstituted as described (15) by incubating 40 nM self-spliced RNA with 160 nM LtrA protein in 450 mM NaCl, 5 mM MgCl 2 , and 40 mM Tris·HCl (pH 7.5) at 30°C for 30 min and then concentrating RNPs by ultracentrifugation at 40,000 × g at 4°C overnight. The RNP pellet was dissolved in 10 mM KCl, 10 mM MgCl 2 , and 40 mM Hepes (pH 8.0) at a concentration of 2 μg/μL based on OD 260 .
Biochemical Assays. RNA splicing assays were performed by using an internally 32 P-labeled 1.1-kb precursor RNA containing the Ll.LtrB-ΔORF intron with 5′ and 3′ exons of 66 and 42 nt, respectively. The precursor RNA was transcribed by a mutant T7 RNA polymerase that reads through cryptic termination sites (16) from DNA templates generated by PCR of pACD2 donor plasmids with primers that append a T7 promoter. Transcription was performed in T7 transcription buffer (New England Biolabs) in the presence of [α-32 P]UTP (800 Ci/mmol; Perkin-Elmer) overnight. RNA splicing reactions were carried out under previously described conditions by incubating 20 nM precursor RNA with 200 nM LtrA protein at 37°C in 100 μL of reaction medium containing 450 mM NaCl, 40 mM Tris·HCl (pH 7.5), 5 mM DTT, and different concentrations of MgCl 2 (14) . Before splicing, the precursor RNA was renatured by heating 50 nM RNA in 40 μL of 10 mM Tris·HCl (pH 7.5) to 90°C for 1 min and then immediately diluting twofold into 40 μL of 2× reaction medium at 37°C. Splicing reactions were initiated by adding LtrA protein (20 μL in 1× reaction medium) to the 80-μL sample. For time courses, a 6-μL portion of the reaction was removed at each time point, and the reaction was terminated by mixing with 2 μL of a 4× stop solution of 0.2 M EDTA, 0.4% SDS, and 4 mg/mL proteinase K, incubating for at least 30 min at 37°C, and then mixing with 2× formamide/EDTA RNA loading buffer containing bromophenol blue and xylene cyanol. The reaction products were heated to 85°C for 5 min and analyzed by electrophoresis in a denaturing 4% (wt/vol) polyacrylamide gel, which was dried and scanned with a Typhoon Trio PhosphorImager (Amersham Biosciences) and quantified using ImageQuant (Molecular Dynamics). Kinetic data were fitted to single or double exponential equations using Prism 6.0 (GraphPad).
Reverse splicing assays were performed as described (15) with a 129-bp internally labeled DNA substrate containing the Ll.LtrB intron-insertion site generated by PCR of pLHS-ltrB (11) with Vent DNA polymerase (New England Biolabs) in the presence of [α- 32 P]dTTP (800 Ci/mmol; Perkin-Elmer). The re-actions were performed by incubating 1.65 nM DNA substrate with 82.5 nM RNPs (50-fold molar excess) in 100 μL of reaction medium containing 10 mM KCl, 50 mM Tris·HCl (pH 7.5), 5 mM DTT, and different concentrations of MgCl 2 at 37°C in the presence of 0.2 mM each of dATP, dCTP, dGTP, and dTTP complexed with equimolar MgCl 2 . The reactions were initiated by adding RNPs, incubated for different times, and terminated and analyzed in a denaturing 6% (wt/vol) polyacrylamide gel, as described above for RNA splicing assays.
Terbium-Cleavage Assays. Terbium cleavage was performed as described (17) . DV RNAs (41 nt; intron positions 842-882) were transcribed by using a Megascript SP6 kit (Ambion) from PCRgenerated DNA templates that append an SP6 promoter. The RNA was 5′-labeled with [γ-32 P]ATP (800 Ci/mmol; PerkinElmer), gel-purified, and stored in 10 mM 3-(N-morpholino) propanesulfonic acid (MOPS) (pH 6.5) and 0.1 mM EDTA at −80°C. For cleavage assays, labeled DV RNAs were diluted with 1.5 μM unlabeled RNA in 25 mM MOPS (pH 7.0) and 50 mM KCl and normalized to 15,000 cpm/μL. Samples were renatured by heating in a thermocycler at 95°C for 45 s, then cooling to 42°C, adding the desired concentration of MgCl 2 , and incubating for 15 min before cooling to 25°C. Cleavage reactions were initiated by adding TbCl 3 and incubating at room temperature for 1 h. TbCl 3 (99.99% pure; Sigma) was stored in 5 mM cacodylate (pH 5.5) in 200 mM stock solutions. Reactions were quenched in formamide/EDTA RNA loading buffer, run in a denaturing 17% (wt/vol) polyacrylamide gel, which was dried and scanned using a Typhoon Trio PhosphorImager (Amersham Biosciences), and quantified by using ImageQuant (Molecular Dynamics). Fig. S2 . Saturating selection of DV variants at 11 nucleotide positions that were sites of mutations in the improved variants from the initial "doped" DV selection. We performed five rounds of selection using the plasmid-based mobility assay in the mgtA disruptants starting from a library of 4.2 × 10 6 Ll.LtrB-ΔORF intron variants randomized at the 11 sites in DV that were mutated in improved variants in the initial selection (Figs. 3 and 4) . After sequencing 96 individual colonies from the fifth round, we identified 23 unique variants and determined their retrohoming efficiencies by the plating assay of Fig. 2A. (A) Sequences of the 23 enhanced DV sequences from the selection, ordered by increasing retrohoming efficiency in the mgtA disruptant. Retrohoming efficiencies were determined by quantitative plating assays. Blue shading indicates a match to the wild-type sequence. The number of mutations (#Mut) found in each variant is indicated to the left, and the retrohoming efficiency and fold increase relative to the wild-type intron assayed in parallel (mean ± SEM for three determinations) are indicated to the right. The ranges reflect day-to-day variability in the retrohoming assays, which affect both wild-type and mutant retrohoming efficiency. The percentage of wild-type nucleotides at each position and a consensus sequence for the selected variants are shown at the bottom, with nucleotides in red indicating those that differ from the wild-type sequence. (B) Map of DV showing positions in the library that were randomized (N, red circles) and the DV structures for the top three variants with the highest retrohoming efficiency in the mgtA disruptant. In the variants, nucleotides that differ from those in the wild-type Ll.LtrB-ΔORF intron are shown in red, and red bars show changed numbers of hydrogen bonds between base pairs. concentrations. Times ranged from 1 to 1,300 min. The gels shown are those used for the plots in Fig. 7 . Products are identified schematically to the left and right of the gel. For each variant and Mg 2+ concentration, control lane E shows all reaction components including Ll.LtrB RNPs incubated for 3 h in reaction medium containing 50 mM EDTA and 5 mM MgCl 2 , and control lane S shows the substrate before the reaction. The partial reverse-splicing product is resolved as a doublet, possibly owing to nicking of the attached lariat RNA (11) . Schematics of the products resulting from partial and full reverse splicing and bottomstrand cleavage are shown below the gel. The 5′ bottom-strand cleavage product is extended by synthesis of the intron cDNA (dashed line), leading to highermolecular-weight products. ) cleavage. 5′ 32 P-labeled DV RNA in 50 mM KCl, 5 mM MgCl 2 , and 25 mM MOPS (pH 7.0) was incubated with increasing concentrations of TbCl 3 (0, 0.01, 0.03, 0.1, 0.3, 1, and 10 mM) for 1 h at room temperature. For each DV RNA, additional lanes show alkaline hydrolysis (A) and RNase T1 (T) ladders and a control in which the RNA was preincubated in 50 mM EDTA (E), which chelates both Mg 2+ and Tb 3+ , before adding 10 mM TbCl 3 . Samples were analyzed in a denaturing 17% polyacrylamide gel, which was dried and scanned with a PhosphorImager. Nucleotides that gave high or medium cleavage in the wild-type (WT) intron are shown in red or orange circles, respectively. Nucleotides that displayed enhanced cleavage in the DV14 and DV20 variants, based on the scales described below, are indicated by red and blue triangles, respectively. (B) PhosphorImager scan showing quantification of cleavages in wild-type (WT), DV14, and DV20 DVs at 10 μM TbCl 3 . Band heights for the different DV RNAs are normalized to the input full-length RNA (top). (C) Secondary structure map of DV showing the location of cleavage sites. Nucleotides in the wild-type DV that gave significant Tb 3+ cleavage over background are highlighted in yellow (low, 1.5-to threefold), orange (medium, 3.1-to 10-fold), or red (high, >10-fold). Residues that showed enhanced cleavage in the DV14 or DV20 variants are indicated as colored triangles, with the size of the triangle indicating the fold-increase relative to the wild-type DV (medium, 2.1-to threefold; small, 1.2-to twofold). Cleavages occur 3′ to the nucleotide indicated. The experiment was repeated three times with similar results.
